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L Introduction: Scatter Factor (Hepatocyte Growth 
Factor) and the c-met Receptor 

A. Scatter Factor (SF) 

SF is a tnesenchyme-derived protein that dissociates ("scatters") sheets 
of epithelium (Stoker e( <U, t 1987; Rosen *f aL $ 1989). SF is identical to 
hepatocyte growth factor (HGF) (Weidncr ei aL, 1991a; Bhargava a 
1992), a serum mitogen for rat hepatocytea that is thought to function as 
an hepatotrophit factor for liver repair (Miyazawa al., 1989; Na- 
kamura el at., 1989). SF is a heparin-binding glycoprotein consisting of a 
60-kDa a-chain and a 40-kDa p-chain (Cherardi el aL, 1989; Rosen etai % 
1990b; Weidner et al t 1990). The ochain contains an N-terroinal hair- 
pin loop and four "ItringleS" (disulfide looped structures that mediate 
protein-protein interactions). The (3-chain is homologous to serine pro- 
teases. SF has 38% amino acid sequence identity to the proenzyme pla$- 
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mtnogen (Nakamura et at., 1989). but lacks protease activity (Rosen ei al. t 
1990b) due to the replacement of two essential amino acids at the catalyt- 
ic triad of the 0-chain. SF ia synthesized as a 728-amino-add precursor 
(preproSF); intracellular cleavag* of a 3l-amlno-acid signal peptide re- 
sults in iu secreted single-chain form (proSF), which is biologically inac- 
tive (Lokker et al t 1992). Extracellular cleavage of proSF at *^Arg- 
4M Val yields active two-chain SF, HGF activator, a novel serine protease 
homologous to coagulation factor XII (Hagemann Factor), may be a 
physiologic cleavage enzyme for SF (Miyazawa et at., 1993). This enzyme 
ia produced in zymogen form; it may be activated by a proteolytic cas- 
cade initiated by tissue injury (Miyazawa ct aL 1994). Plasminogen acti- 
vators (uPA and tPA) can also cleave and activate proSF, but only at 
supraphysioJogical concentrations (Naldiniffiai, 1992; Mars da/., 1993 j, 

B, c-mrt Receptor 

The SF receptor \% the protein product of the c-mei protooncogene 
(Bottaro w al u 1991), a transmembrane tyrosine kinase (TK) expressed 
predominantly by epithiilia (Gonzatti-Haces ei aL, 1988). The c-m** re- 
ceptor is a 190-kDa glycoprotein consisting of a l45-k£>a membrane- 
spanning p^chain and a 50-kDa owrhain that is expressed on the cell 
surfac The extracellular binding, transmembrane, and intracellular 
kinase, ind noncatalytic phosphate acceptor domains are located on the 
p-chain. Studies suggest that much of the signal transduction from the 
SF-aetivated c^mtt receptor occurs through the interaction of a novel 
tandem YV(H/N)V motif with the sre homology^ (SH2) domains of 
various intracellular signaling molecules (Ponzetto et at. t 1994). Tyrosine 
phosphorylation at this site mediates the binding of c-w* to phosphu- 
tidylinositol-S'-kinase, protein tyrosine phosphatase 2, phospholipase 
Cy t pp60c ^ ( and the grb2fJiSosi complex. Two receptor TKs related u> 
c-met, c-wa, and Ron have been described (Ronsin et aL t 1993; Huff tt aL, 
1994). The ligand for the Ron receptor was identified as a macrophage- 
stimulating protein (Wang a at., 1994), a kringle protein with 30ft se- 
quence identity to SF (Yoshiniura ft aL 1993). The ligand for c*ra has 
not yet been described. 

C. Biologic Activities of SF 

SF transduces three major classes of cellular actions in vitrei mntiliiy, 
growth, and morphogenesis. Studies employing chimeric receptor con- 
structs indicate that each of these actions can be transduced by the c*mt< 
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TR (Weidner et al> 1993: Zhu et ai. t 1994). In addition to cell dissocia- 
tion, SF induces random movement of isolated epithelial cells, chemotac- 
tic (gradient-directed) migration, migration from carrier beads to flat 
surfaces, and invasion through extracellular matrix proteins (Rosen et 
aL, I990b,c, 1991a, Weidnefr u aL 1990; Bhargava H aL, 1992; U el aL, 
1994). SF stimulates the mRNA and protein expression of both uFA and 
uPA receptor (uPAR) (Pepper a ai, 1992; Grant et aL, 1993; Rosen et at, 
1994b). The net effect is to increase the amount of uPA bound to uPAR 
on the cell surface. Receptor-bound uPA on the cell surface is catalyt* 
ically active and is thought to mediate focal degradation of the extra* 
cellular matrix necessary to dear a path for invading cells (Saksela and 
Rifkin, 1988). Thus, SF appears to be able to "switch on" a program of 
cell activities for invasion. The switching mechanism may involve induc- 
tion of an as yet unidentified transcription factor. SF is autogenic for 
various normal cell types, including epithelial cells, vascular endothelial 
cells, and melanocytes (Kan et aL, 1991 ; Rubin tl a/.. 1991 ; Halaban et al„ 
1992). SF is also a potent morphogen. SF induces MDCK epithelial cells 
incubated in collagen I gels to organize into a network of branching 
tubules with the proper apical-basolateral polarity (Montesano et aL, 
1991; Santos et aL, 1993). Similarly, SF induces mammary epithelial cells 
to form due dike structures (Tsarfaty et al. f 1992). Thus, SF can activate 
specific programs of cell differentiation depending upon the cell type 
and environment. 



li. SF Biologic Actions on Blood Vessel Wall Cells 
in Vitro and in Wvo 

A, Vascular Endothelial Celw (ECs) 

L EC as a SF Producer Oil 

Vascular ECs may function both as a producer of SF and as a target of 
SF action. ECs m vitro and in viva normally produce little or no SF 
(Stoker et aL, 1987; Rosen el aL, 1989; Matsumoto H aL, 1993). However, 
following liver iryury, hepatic sinusoidal ECs as well as pulmonary alveo- 
lar ECs synthesize SF, as demonstrated by in situ hybridization to detect 
SF-$pecifie mRNA transcripts (Yanagita et aL, 1992; Noji et aL, 1990). 
These findings suggest that appropriately stimulated ECs are capable of 
producing SF, They further suggest that paracrine and endocrine sig- 
nals associated with tissue injury are responsible for the induction of EC 
synthesis of SF. Some of the putative factors that may transmit such a 
signal are discussed later (Section III.C.S). 
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2. £C of an Target Ceil 

During the early stages of angiogenesis in vivo, ECs from preexisting 
small vessels (usually venules that f lack a smooth muscle covering) focally 
degrade the subendothelial basement membrane, migrate out into the 
imemitium toward an angiogenic stimulus, and form capillary sprouts 
(Folkman, 1983), Sprouting ECs proximal to the migrating tip prolif- 
erate; subsequently, the EC sprouts organize into an anastamosing nee- 
work of capillary tubes. Finally* these ECs synthesize new basement 
membrane. Adhesion of SMCs and pericytes and formation of new base- 
ment membrane are processes associated with the termination of che 
angiogenic response (FoIkman p 1985; Antonelli-Orlidge ti a/., 1969). 
Stimulation of EC motility, proliferation, and capillary-like tube forma- 
tion in vitro are thought to correlate with the ability to induce an- 
giogenesis in vivo, since each of these processes occurs during the forma- 
tion of new blood vessels (Folkman, 1985). 

Both large vessel- and microvessel-derived ECs express the c-w/ re- 
ceptor and are biologically responsive to SF (Rosen u &L, 1 990b,c, 1 99 lb* 
Bu55oIino ti aL, 1992; Grant n al> 1993; Naidu ei aL. 1994). SF is chemo- 
tactic to ECs and stimulates random motility, as demonstrated in assays 
using microwell modified Boyden chambers (Rosen el aL, 1990b, 1991b), 
In addition, SF induces the migration of ECs cultured on microcamer 
beads from the beads to flat culture surfaces (Rosen et ff £, 1990b,c). In 
chemoinvasion assays, a gradient of SF induces the penetration of ECs 
through porous filters coated with Matrigel, a reconstituted matrix or 
basement membrane (Rosen ei aL, 1991b), Maximal chemotaxis, bead 
migration, and invasion of human umbilical vein ECs (HUVEC). calf 
pulmonary artery ECs (CPAE), bovine aortic ECs (BAEC). and bovine 
brain ECs (BBEC) are typically observed at SF concentrations of 2-20 
ng/ml. In studies using the microcarrier bead migration assay, we Found 
that BBEC migration was stimulated 5-fold by SF, but was unaffected by 
basic FGF or EOF (Rosen et aL, 1991c). On the other hand. TGF0 
blocked both basal and SF-stimulaced migration of BBEC. Migration 
from carrier beads was blocked by inhibitor* of protein Synthesis (cyclo- 
heximide), but not by inhibitors of DNA synthesis (hydroxyurea) (Rosen 
etaL, 199 k). 

In addition to motility. SF stimulates DNA synthesis and proliferation 
of some EC types, including HUVEC and human omental microvessel 
ECs (Rubin et aL t 1991; Morimoto H a/.. 1991). Capillary tube formation 
appears to be an independent property of ECs not directly related to 
motility or proliferation (Grant et tf a 1989). When ECs are plated onto 
a surface of reconstituted basement membrane (Matrigel), they cease 
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DNA synthesis and proliferation extend long cytoplasmic processes, 
and begin to organize into a network of capillary-like tubes. SF stimu- 
lates capillary-like tube formation in WUVEC and BBEC cultures by up 
to 5-tO-fold, as determined by computerized digital image analysis of 
stained cultures (Rosen a at, 1991b; Grant et at, 1993). 

SFalso induces large increases in the expression of uPA activity by EC 
cultures (Rosen si cL t 1991b; Grant et 4t, 1993). Most of the SF-induced 
uPA activity is cell-associated rather than secreted. The majority of cell- 
associated uPA is bound to uPA receptor on the cell surface, where it is 
well*positioned to mediate focal degradation of extracellular matrix pro- 
teins, a prerequisite for invasion (Saksela and Rifkin, 1986). Taken to- 
gether, these findings indicate that SF can induce most or all of the 
phenotypic characteristics expected of ECs undergoing angiogenesis (il- 
lustrated in Fig. 1). 

B. Vascular Smooth Muscle Cells (SMCs) 
and Pericytes 

L SMC asaSF Producer Cell 

In vtiro, bovine aortic, human iliac artery, and rat arterial SMCs pro- 
duce SF at rates comparable to those of high producer human lung 
fibroblasts (e.g. ( MRC5, WI38) (64-128 scatter units/ I0 fl cells/48 hr) 
(Rosen H aL> 1989, 1990a), The biological and chemical properties of 
SMC -de rived SF are very similar to those offibroblast-derived SF> and it 
is likely that these molecules are identical (Rosen el at, 199Da.b). 

2. SMC as an Sf Target Cell 

Psoriasis is a chronic inflammatory skin disease characterized by the 
proliferation of epidermal kerattnocytes and neovascularization in der- 
mal papillae and papillary dermis. Cells of the microvessel wall (peri- 
cytes, ECs) in psoriatic plaques stain positively for c*mtt protein (Grant et 
at, 1993), suggesting that these cell types are potential target cells for 
SF. Smooth muscle cells in tumor microvasculature also express high 
levels of immunoreactive SF (Section IV.B). Recruitment of SMCs and 
pericytes (which are generally regarded as microvascular SMCs) is an 
essential component of angiogenesis* These cells are thought to stabilize 
newly formed vessels, thus contributing to termination of the angiogenic 
process (AntoneM-Orlidge et at, 1989). Therefore, it seems logical that 
SF itself might induce the Influx and/or proliferation of these cells at the 
appropriate time during angiogenic response. 

Cultured pericytes from bovine retina express c-mct mRNA, as de- 
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SCATTER FACTOR CONCENTRATION (ng/ml) 

Fig. I. Angiogenic endothelial cell (EC) phenoiyp* induced by SF. EC ehemotaxis. 
protease production, invasion, and capillary-like cube formation, protease) required dur- 
ing angiogenics. *n? each stimulated by SF. (A) Chemoiaxis. CPAS* were induced to 
migrate across coliagen-eoatcd 8->tm Nocleopore liters by SF in the lower wells of micro- 
well modified Boydan chambers Assays were performed as described by Ro«n tt til 
(1990b). Values plotted represent ihe numbers of cells migrating from ihc upper kcMs to 
the underside of the filter during a 6-hr incubation (mean ± S£M of triplicate assays). (B) 
Urokinase production. Confluenl BBECs were incubated with SF for 24 hi. The medium 
w replaced wiih freih DM CM (0.1 ml/cm*), and (h* ceil* were incubated for 6 hr. The 
6-hr-cAndhiqrtH medium was collected, and the cells were Ivsed, Plasminogen activator 
activity was aaayed as described by Gram el al (1993), and the total activity (secreted plus 
cell<wi ociated) was nonnaliwd per microgram of cell protein. Nearly aJ) of thw activity wa* 
blocked by antiurokinau antlhodiw. indicating that it is due to uPA rather than tPA. (C) 
Invasion. BBECs were induced to migrate invasion through porout filter* coated with a 
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termlned by reverse transcriptase PGR analysis of pericyte RNA (E* M. 
Rosen and M. Park, unpublished results), which is consistent with the 
finding that pericytes express immunoreactive c-mrt protein in vrw 
Moreover, we have Found that SF stimulates the proliferation of bovine 
aortic SMCs-and bovine retinalparicytes in vitro (Fig. 2> The maximum 
degrees of stimulation of proliferation in media containing 1 and 5% 
calf serum were 2.4- and 1.8-fold for SMCs, L7- and 2.2-fold for peri- 
1 eyres, and 1.7- and 1.5-fold for bovine capillary ECs, respectively. These 
maximal values were observed at 20-100 ng/ml SFi These findings are 
consistent with the putative role of SMCs in angiogenesis and the pres- 
ence of SMCs in new microvesseh induced by SF (Section ILC). 

The ability of SMCs to produce and respond to SF suggests that SF 
may function as an autocrine growth factor for this cell type. However, 
the phenotype of cultured SMCa does not necessarily reflect that of 
SMCs present in normal adult large blood vessels. Normal adult SMCs in 
vivo are usually quiescent, but can be stimulated to proliferate by vascu- 
lar injury. A parallel phenomenon called phenotypic modulation occurs 
when SMCs are explained from vessel? and passages m vitro (Campbell 
and Chamley-Campbell, 1981). Phenotypic modulation is characterized 
by transition from a quiescent contractile phenotype to an active 
symhetic-proliferative phenotype. Thus, cultured SMCs may be charac- 
teristic of proliferating injured SMCs rather than nonproliferating con- 
tractile SMCs. It seems unlikely that normal unstimulated SMCs pro- 
duce significant amounts of SF in vivo. Our findings suggest that SF may 
mediate paracrine (SMOEC) and autocrine (SMC-SMC) interactions 
associated with the vascular response to injury. 

C, In Vwa Angiogenic Activity 

We used two different assays, the mouse Matrigel assay and the rat 
cornea assay, to demonstrate the ability of SF to induce new blood vessel 
formation in vivo (Grant et aL 1993; Naidu tt ai> 1994). In the former. 



basement membrane matrix (Matrige!) by SF in th* taw*r well* of 0.2-ml blind well Boydcn 
chambers. Assays were performed as described by Bhargava et ai (1992). Values ploUc4 
represent ih* numbers of cells migrating to the lower surfaces of the filters during a 48-hr 
incubation (mean A SEM of triplicate a^y*). (D) Capillary-like tube formation. HUVECs. 
were induced to farm lubes on Matrigel<oaied surfaces by SF. Assays were perfumed as 
described by Rnsen et ai, (1991b). Values plotted represent the total tube length after a 24- 
hr Incubation* as determined by computerized digital imaging (mean ± range of duplicate 
assays). 
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Fia. 8. Effect of SF on proliferation of vascular cell ippea. Bovine aonic smooth muscle 
ceils (SMCs) (A), bovine retinal pericytes (fi), or bovine adrenal capillary endothelial cells 
(BCEs) (C) were seeded into 2-cm a culture welb at I x 10* (SMCs. BCEs) or 2 x |0 4 
(pericytes) cells per well in DMEM containing 10% calf serum. The tdh were Allowed id 
attach Overnight. hUtr which the medium wai replaced wiih DMEM containing I or 55 
calf serum and the indicated dose of SF. Cells were incubated for 3 (SMCs. BCEs) or 6 day* 
(with one re feeding on day S) for slower growing pericytes* Values represent cell counts 
from triplicate welU (mean ± SD). 



different doses of SF were mixed with 0,5 ml of Matrigel in the liquid state 
at 4°C. The Matrigel was injected subcutarteously into either XID nude 
beige mice or C57/BL mice. At body temperature, Matrigel rapidly forma 
a solid gel, retaining the SF and allowing prolonged exposure of the 
surrounding tissues to it. Animals were sacrificed after 10 days, and the 
ingrowth of blood vessels into the Matrigel plugs was quantitated by 
computerized digital image analysis of histological sections stained with 
Masson's trichrome, Angiogenesis assessed at day 10 increased in a dose- 
dependent manner from 2-200 ng/ml SF to 4-5 times control values. 
Responses were quantitatively similar in nude mice and C57/BL mice. 
Inflammatory responses were not observed in nude mice at any SF dose 
and were found only at supramaximal SFdoses (^2000 ng/nl) in C57/BL 
mice. 

In the second assay, SF was dissolved in Hydron polymer, And dried 
Hydron pellets were placed in surgically created pockets about 1.5 mm 
from the limbus of the avascular rat cornea. Animals were perfused with 
colloidal carbon and sacrificed after 7 days. The growth of new vessels 
from the limbus toward the pellet was assessed. In these assays, SF in* 
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duced dose-dependent corneal neovascularization in a fashion similar t 
that observed in the murine assay (Fig. 3). Purified native mouse SF and 
recombinant human SF induced equal angiogeneic responses, and the 
maximal responses induced \>y SF w«re similar in intensity to that in- 
duced by basic FGF (Grant #f aL 1993). Antibodies against SF blocked 
SF-induced angiogenesis but did not affect FGF-induced angiogenasis. 
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Fig. 3. Nonvascular responses induced In the rat cornea by purified mouse SF. Hydron 
pellets containing teat sample* were implanted into rat corneas to allow in growth of vesseli 
from (he Umbos. After 7 day*, corneas were perfused with colloidal carbon, and whole 
mount preparation* were photographed. The darkened central area b the reflection of 
the Implant. No angiogenic respond wer* observed in control pellets containing PBS {Afc 
while at 50 ng of SF. the response was weak but positive (B). Strong positive responses were 
seen at 100 and 500 ng oFSF (C and £)>, which are compatible to Lhat induced by 150 ng of 
basic FGF (Z\ a positive control. These responses consist of sustained directional Ingrowth 
of capillary sprouts and hairpin loops surrounding the implants. A, Control; B, Scatter 
factor, 50 ng; C> Scauer factor. LOO ng: D. Scatter factor. 500 ng: £. Basic FGF, 150 ng. 
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Inflammatory responses, assessed by F4/80 imraunostaining to detect 
monocyte-macrophage infiltration, were observed only at supramaxi- 
mal doses oF SF. Therefore, SF» appears to be at least as potent an 
inducer of angiogenesis as basic FGF. 

Our findings indicate rhat the recruitment of inflammatory cells does 
not play a major role in SF-induced angiogenesis. However, in the mouse 
Matrigel assay, histologic sections prepared at early times (days 2-3) 
revealed many SMC/pericyte-like Cells present in the Matrigel. More- 
over, at higher doses of SF, histologic sections prepared on day 10 re- 
vealed SMCs in some of the newly formed vessels in the Matrigel (Grant 
et aL 1993). Thus, SF-induced angiogenesis appears to be mediated by 
direct effects on ECs and, in addition, by direct and/or indirect effects 
on SMCs, 



III. SF as a Potential TLmor Angiogenesis Factor 
A. Angiogenesis in Human Cancers 

Recent clinical studies suggest that tumor angiogenesis, as indicated by 
increased numbers of microvessels in the tumor stroma, is a strong inde- 
pendent indicator of poor prognosis in patients with invasive breast 
cancer (Weidnertf 1991b, 1992; Bosarirta/., 1992;Toi *r 1993).A 
subset of patients with noninvasive breast tumors [ductal carcinoma in situ 
(DCIS)| also exhibit elevated microvessel counts. Increased vessel count in 
DCIS patients is highly associated with other features suggestive of ag- 
gressive tumor biology (e.g., comedo subtype of DCIS, HER2/neu on- 
coprotein expression, and high KiSl proliferation index) (Guidi et «/., 
1994). Experimental studies of human and animal tissues indicate that an 
angiogenic phenOtype may be observed in even earlier lesions (e.g M hy- 
perplasia or dysplasia) of breast or other tissues (Brem u al, 1978; 
Folkman et at. t 1989). It has not been established whether angiogenesis is 
required for early progression from the noninvasive to invasive cancer 
phenotype or whether ii merely reflects an underlying aggressive tumor 
biology. However* variou? studies suggest that angiogenesis is a critical 
requirement for local growth and metastasis of established solid tumors 
(Folkman, 1999). 

Whereas physiological angiogenesis in normal adult tissues (e.g.* as 
occurs during wound healing, corpus luteum formation, and placental 
implantation) is tightly regulated spatially and temporally, tumor an- 
giogenesis is characterized by persistent, abnormal neovascularization, A 
modest number of growth factors and cytokines are capable of inducing 
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angiogenesis in various in vivo and in vitro assay systems [e.g., angiogen- 
in. FGFs, EGF/TGFa, IL-8, PDECGF (platelet-derived endothelial ceU 
growth factor). SF. TNFa, TGF0, and VECFJ. These angiogenic factors 
may be produced by tumor cells, host stromal cells (e.g., fibroblasts and 
SMCs), or Infiltrating leukocytes (e.g.. lymphocytes, macrophages, and 
mast cells) (Polverini, 1989; Leek et al., 1994). The precise mechanisms 
leading to angiogenesis in human cancers, the specific angiogenic Fac- 
tors) involved, and the cell types that produce thera are not well- 
dellceated. 

B. Expression of SF within Tumors 

J. Carcinomas 

Both SF and c-mrt appear to be up-regulated and down-regulated in 
precisely coordinated patterns during normal developmental and repa- 
rative processes (Sonnenberg et al., 1993; Matsumoto and Nakamura, 
1993;Joannidis«ia£. 1994). On the other hand, SF is chronically overex- 
pressed in tumors (Rosen et al., 1994b; Yamashita et al, 1994; Joseph el 
at., 1995). As described in the following, overproduction of SF within 
tumors may be due. in part, to the accumulation of specific SF-inducmg 
proteins. A high titer of SF In extracts of primary invasive breast carcino- 
mas was found to be a powerful miependmt predictor of relapse and 
death (Yamashita el al., 1994). In patients with transitional cell bladder 
cancers, higher titers of SF were found in high grade, muscte-mvasive 
cancers than in low grade noninvasive or superficially invasive cancers 
(Joseph et al„ 1995). Patients in the former category usually fared poorly 
in comparison with patients in the latter category. 

Since both SF content and tumor angiogenesls are strong indepen- 
dent prognostic indicators for breast carcinoma, it is reasonable to spec- 
ulate that SF may be functioning as a breast cancer angiogen. If, indeed, 
SF functions as a tumor angiogen, then future studies should reveal a 
dose correlation between tumoral SF content and the quantitative ex- 
tent of tumor angiogenesis. Such a correlation may not be exact since, as 
described earlier, various other factors may contribute to tumor an- 
giogenesis. Moreover, several naturally occurring protein factors, in- 
cluding thrombospondin (TSP1) and platelet factor-4, function as inhib- 
itors of angiogenesis (see the following). It is also likely that SF may 
interact additively or synergistically with other angiagenesis-lnduang 
factors, such as VECF. Since many or most of these factors are found in 
tumors, the net angiogenic phenotype of the tumor may be determined 
by the balance of proangiogenic and antiangiogenic factors present. 
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Research performed over the past few yeari, In par- 
ticular, has made U clear that, in addition to the 
liver, hepatocyte growth factor (HGF) 1 affects vir- 
tually eveiy tissue in the body ranging from the nervous 
system to the immune And reticuloendothelial systems. 
Recent findings have alio revealed that the biological re- 
sponses of target cells to HGF are not confined to the in- 
duction of cell proliferation and motility per se but include 
a plethora of effects such as inhibition of cell growth, in- 
duction of morphogenesis, stimulation of T cell adhesion 
to endothelium and migration, enhancement of neuron 
survival, and regulation of erythroid differentiation. Fur- 
thermore, the discoveries of the HGF receptor as Met, o£ 
an HGF-related factor, called HGF-like protein, and of 
HGF-like's receptor as Ron> a transmembrane tyrosine ki- 
nase similar to the HGF receptor, have added yet more 
levels of complexity to the nature of HGF and its now 
growing family. 

Structural Properties of HGF 

Hepatocyte growth factor is a mesenchymally derived hep-. 
aim-binding glycoprotein that is secreted as a single-chain 
(pro-HGF), biologically inert precursor. Under appropri- 
ate conditions such as tissue damage (21), pro-HGFis con- 
verted to its bioactive form by proteolytic digestion at a 
specific Site within the molecule. This proteolytic digestion 
may be mediated by urokinase plasminogen activator 
(uPA) (27) or by a protease homologous to factor XII 
(21). Mature HGF is a heterodimer v consisting of a 60,000 
M z alpha and a 30,000 M f beta chain held together by a Sin- 
gle disulfide bond. The nucleotide sequences of human, 
rat, and mouse HGF cDNA.s also predict that both chains 
of HGF are encoded by a single open reading frame re- 
* * suiting in a 728-amino acid polypeptide. The alpha chain 
of HGF contains a hairpin loop (of ~27 amino adds) at its 
amino terminus and four unique domains known as kringles, 
while its beta chain contains a serine protease-like struc- 
ture (26). (For in depth review, see references 20 and 30,) 
The kringle motif, an 80-amino acid double-looped struc- 
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ture formed .by three Internal' disulfide bridges, was first 
described for many of the enzymes involved in coagulation 
and fibrinolysis. Understandably, HGF resembles several 
coagulotion/fibrinolytic related proteins such as plasmino- 
gen, but these proteins have no known growth potentiat- 
ing activity comparable to HGF. Conversely.HGF has no 
known protease activity* since the characteristic amino ac- 
ids normally present in the catalytic site of $erine pro- 
teases have been mutated in HGF, while the consensus se- 
quences which normally surround them still remain (26). 
These unique structural features of HGF have led to the 
assignment of HGF as the prototype" of a new family of } 
growth factors. * 

The HGF Receptor \ 
Recent studies have shown that HGF transduces its multi- 
ple biological effects such as mitogenesis, motcgenesis, \ 
metastogenesis and morphogenesis via activation of a trans- 
membrane tyrosine kinase cell surface receptor known as 
Met (2 f 40). The* met protooucogene was cloned and se- 
quenced before HGF itself had been cloned and was roir 
dally discovered as an activated oncogene based an its abil- 
ity to transform normal fibroblast cell lines (4), The mature 
Mat receptor Is a heterodimer held together by disulfide 
bonds and consists of an alpha chain that is ^50,000 Da 
which remains entirely extracellular, and a large polypep- 
tide chain with a molecular mass of 145,000 (named the beta 
chain) which traverse* the plasma membrane and contains 
the intracellular tyrosine kinase domain. Both polypeptide 
chains of the Met receptor are derived posttranslationally 
from a single chain precursor by proteolytic cleav^e at a 
specific site within the precursor molecule, (For review see 
reference 9). The HGF receptor (HGFR) is expressed in 
normal epithelium of almost every tissue; however, other 
cell types such as melanocytes, endothelial cells, microglial 
cells, neurons, hematopoietic cells, and & variety of tumor 
cell lines of various origins also express this receptor. 

HGF, the Hepatocyte and Liver Regeneration 
HGFs existence was originally postulated based on stud- 
ies in which liver regeneration was surgically stimulated by 
removal of two-thirds of the liver in rats resulting m the 
appearance of a hepatocyte mitogen in the peripheral 
blood. Following two-thirds partial hepatectomy, plasma 
HGF levels are found to be 15- to 25-.fo!d greater than 
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those of the control animal. A similar rise in HGF also oc- 
curs sharply after acute liver injury after administration of 
chemicals such as carbon tetrachloride. The levels of HGF 
then decline within 24 h but remain elevated for the dura- 
tion of the regenerative response. Analogous changes in 
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sues. The discovery that the mRNAs for HGF (20) and the 
HGF receptor (23) are induced in stromal and epithelial 
cells, respectively, by inflammatory cytokines such as IL-1, 
and TNFa also supports the idea that this ligand/re- 
ceptor system is involved in mediating inflammatory re- 



plasma HGF levels have also been described after admin- sponsea to tissue injury ; These studies have defined HGF 



istration of chemicals to rats that augment liver DNA syn- 
thesis and liver weight (19), such as phenobarbital, (Dilan- 
tin, valium, and others that, in long term administration, 
function as liver tumor promoters, as well as in human 
liver disease whenever a massive loss of hepatocytes oc- 
curs such as in a condition known as acute fulminant hepa- 
titis (37). These findings, as well as several other direct and The growth regulating effects of HGF on various cell 
indirect pieces of evidence, implicate HGF as an important types, other than hepatocytes, is now wett^ocumeiited 



as a major mediator of tissue repair and organ regeneration 
and underscores its potential use as a therapeutic agent for 
treating diseases such as acute liver or rend failure. 

Biological Effects of HGF on Other Cell Types 



paracrine and perhaps endocrine regulator of liver growth. 
(Fot review see reference 20). 

The HGF/HGFR system may also influence other as- 
pects of liver growth and development In addition to hs 
ability to stimulate proliferation and morphogenesis of 
mature hepatocytes, HGF is United to hepatocyte stem cell 
proliferation and differentiation (8). Aa stem cells in the 
liver proliferate, nearby Ito cells also undergo cell division. 
These neighboring cells express HGF pointing to a possi- 
ble paracrine effect of HGF on the growth of stem cells 
which express HGFR (8). Several studies also strongly- 
suggest a role for HGF in liver embryogenesis. In situ hy- 
ridizarton studies reveal that HGF and HGFR expression 
is highest in the liver as compared to other tissues (Katyal 
and Michalopoulos, unpublished observations), Addition- 
ally, HGF protein is also present in the developing liver, 
especially in the hematopoietic cells (5), which may impli- 
cate HGF not only in liver formation but also in heinato- 
v poiesis (see below). Other supportive evidence includes 
the finding that HGF may be involved in the transforma- 
tion of apolar embryonic hepatocytes into acinar struc- 
tures prior to the appearance of the mature hepatocyte 
s plate (34) which are the same morphological changes seen 
during liver regeneration and in hepatocytes cultured in 
type I collagen gels in the presence of HGF. Direct evi- 
dence on the role of HGF in liver growth and develop- 
raent comes from very recent investigations on transgenic 
mice homozygous for a null mutation in the HGF gene 
(knock-out mice). These studies have revealed that such 
animals do not survive beyond day 15 of embryonic devel- 
opment with most notable defects seea in liver formation 
and architecture primarily due to art extensive loss of he- 
patic parenchyma (31). Moreover, lack of HGF expression 
also affected the development of the placenta as wm evi- 
denced by a severe reduction in the number of tropho- 
blasts (31, 38). 

Other investigations have defined a fundamental role 
for HGF in mediating responses to tissue injury m other 
organs in adults. In animal modals in which kidney (16) Or 
lung (42) has been damaged experimentally, HGF expres- 
sion is induced markedly. This increase in HGF mRNA is 
fallowed by increases in the level of pro-HGF and in its 
subsequent activation by proteolytic cleavage to the bioac- 
tive heterodimeric form in the damaged tissue (21). Addi- 
tionally, whfcrt. exogenous HGF is administered to these 
animals, it remarkably enhances the regeneration of the 
injured organ (20), These findings indicate that HGF is ac- 
tivated locally which may in pan explain the lack of re- 
sponse to the biological effects of HGF in uninjured tis- 



(For review see references 20 and 30). One of the hallmark 
in vitro responses to HGF is the induction of cell motility 
and .'dissociation (scattering) of various normal and malig- 
nant epithelial cells. Based on this property, HGF was in- 
dependently purified and characterized from the culture 
medium of fibroblast cell lines such aa MRCJ, and was 
named scatter factor (33). Subsequent lnvesrigationfl T how- 
ever, revealed that this molecule is identical to HGF (39), 
A third type of biological activity associated with HGF is 
its remarkable morphogenic effects on epithelial tissues. 
HGF is now believed to be most potent epithelial morpho- 
gen inducing formation of branching tubules and gland- 
like structures in epithelial cells derived from kidney or 
mammary tissue in vitro (24, 33). 

Based on these properties, it has been postulated that 
HGF is a mediator of epithelial-mesenchymal interaction 
and inlerconversion. (Fot a review see reference 29)* Most 
tissues either express HGF mRNA or contain HGF pro- 
tein. Among these are blood (megakaryocytes, monocytes, 
leukocytes, and platelets), brain, bone marrow, liver, hing T 
kidney, placenta, spleen, and skin. Thfe highest levala of 
HGF mRNA are detected in the adult lung, liver, skin, and 
spleen although the other tissues mentioned all contain 
detectable levels of HGF mRNA and/or protein. In gen- 
eral, HGF mRNA is expressed in stromal cells such as fi- 
broblasts, smooth muscle cells, mast cells, macrophages, 
endothelial cells, leukocytes, and megakaryocyte* of vari- 
ous tissues but not in epithelial cells. HGF receptor ex- 
pression, on the other hand, is mainly detected in epithe- 
lial cells. This unique expression pattern in combination 
with the mitogeoic ^otogenic, and morphogenic proper- 
ties of HGF support the idea that this ligand is an impor- 
tant paracrine mediator of the interaction between the ep- 
ithelial and stromal compartments of various tissues 
during development and in the maintenance of homeosta- 
sis in adult tissues (29, 32). 

HGF has also been shown to Induce mesenchymal to ep- 
ithelial conversion in fibroblasts overexposing HGF and 
HGFR when these cells are injected into nude mice (36). 
In another investigation using cell lines derived from meta- 
naphric ridge cells of mouse ambryas, it was shown that 
HGF stimulates epithelial differentiation of these mesen- 
chymal cells suggesting that this cytokine may be involved 
in the early commitment of cells in the kidney (15). The re- 
cent findings by Woolf et al. (41) show that simultaneous 
expression of HGF and HGFR occurs in the kidney mes- 
enchyme during the early development of the mouse kid- 
ney and that anti-HGF antibody inhibits the differentia- 
tion of metanephric mesenchymal cells into tha epithelial 
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precursors atfd subsequent nephrogenesis when added to 
' metanephric organ cultures. Other studies have also impli- 
cated HGF in early embryological proceaaw such as the 
formation of the primitive streak and induction of neural 
tissues as demonstrated by studying HGF and HGFR ex- 
pression in Xenopus and chick during early stages of de- 
velopment and by ectopic application of HGF in a chick 
embryo model. (For review see reference 20.) 

The potential participation of HGF in organogenesis 
and the lateT stages of embryonic development has also 
been well documented by studying HGF and HGFR ex- 
pression in rodents (5* 32). As stated, recent studies have 
shown that the disruption of the HGF gene results in em- 
bryonic lethality, primarily due to defects in proper devel- 
opment of the placenta and liver (31, 36). In these studies, 
however, other organs and tissues where HGF afid HGFR 
are reportedly expressed during embryogenesis (such as 
lung, kidney/and the central nervous system), appeared 
normal at the time of death (day IS of gestation)* This may 
indicate that either HGF is no* essential for the early 
stages of embryogenesis or that compensation or redun- 
dancy exists in the HGF signaling network. It should be 
noted that further analysis of these animals has been ham- 
pered due to their death in utero preventing additional in- 
vestigations on the functions of HGF in other processes 
such as terminal differentiation and maturation or regen- 
eration of other tissues (31). 

It should be emphasized that although epithelial cells 
are one of the major targets of HGF, as mote Investiga- 
tions are conducted, it is becoming clear that nonepithelial 
cell types such as hematopoietic, lymphoid, neural, and 
skeletal muscle cells also respond to the multif aceted ac- 
tions of HGF* The first clue indicating that HGF may be 
involved in hemopoiesis came from studies on progeni- 
tor-enriched murine bone marrow cells and on several ran- 
rine myeloid progenitor tumor cell lines blocked in the 
early stages of myeloid differentiation. Such investigations 
revealed, first, that these cells expra* the HGFR, and sec- 
ond, that HGF syuergizes with IL-3 or GM-CSF to sup- 
port the growth of these cells in culture (17, 2ty Conflict- 
ing results, however, were obtained by these two 
investigations with regard to whether HGF alone stimu- 
lates nutogenesis in myeloid progenitor cell lines. Al- 
though HGF synergteed with other factor* to ^stimulate 
growth of progenitor cells, it apparently did not influence 
the pattern of myeloid differentiation since the ratio of 
macrophages to granulocytes in resultant colonies re- 
mained similar to those obtained with IL-3 or GM-CSF 
. alone (17). 

Galimi et ai. (10) recently reported that the HGF recep- 
tor is present in a small fraction of highly-enriched he- 
matopoietic progenitor cells from human bona marrow 
and peripheral blood and showed that, in the presence of 
erythropoietin, HGF induces the formation of colonies 
along the erythroid lineage when cultured in vitro. How. 
ever, in the presence of erythropoietin and stem cell fac- 
tor, it was demonstrated that HGF supports the growth of 
multipoint colonies (granulocyte-erythroid-megakaryo- 
cyte) rather than recruiting erythroid precursors. 

The differences in the results of the experiments de- 
scribed above may be due to variations in technique such 
as culture conditions (i.e., presence or absence of particu- 
lar cytokines and doses), pUf ity of cells, or simply because 
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so few studies have addressed HGFs involvement in he- 
matopoieais. Additionally, whether HGFs mitogenic/dif- 
ferentiation affects on hematopoietic stem cells are medi- 
ated through the HGFR directly or whether HGF through 
its receptor causes secretion of other modulating cytokines 
has not been addressed in studies thus far completed. Re- 
gardless of how HGF elicits such responses, the fact that 
hematopolesls is altered at all in the presence of HGF de- 
serves funher study. 

The role of the HGF family in hematopoiesis and reticu- 
loendothelial cell function is further underscored by other 
findings. It ha$ been shown that the HGF-like receptor 
(Ran) id highly expressed in hematopoietic stem cells (12) 
and monocytes (11), Moreover, HGF-like protein (also 
known as macrophage stimulating protein) was demon- 
strated to -elicit monocyte 'nligration through Ron activa- 
tion (11). Biological activities affecting reticuloendothelial 
cells have also been described for HGF and the HGFR us- 
ing in vitro models. These include activation of the oxida- 
tive response of human neutrophil (13), promotion of ad- 
hesion and migration of a subset of human T cells (1), and 
enhancement of humoral immune responses in murine B 
cells (6). 

Recently, in vivo studies in which HGF was Implanted 
info rabbits have demonstrated that HGF has angiogenic 
activities (3). Interestingly, HGF has also been linked to 
Kaposi's sarcoma (KS), a form of human neoplasm in 
which the cellular origin has not been defined, but is be- 
lieved to be an endothelial derivative. Several lines of evi- 
dence support this possibility- First, HGF is secreted by 
HTT-V-II-infected T lymphocytes; secondly, HGF induces 
endothelial cells to convert to a Kaposi sarcoma tumor 
cell-like phenotype; thirdly, antibody against HGF inhibits 
the growth of KS cells in culture: and lastly, HGF is 
present in KS lesions (25), 

The presence of HGF and its receptor in speciBc regions 
of the dev&loping and adult mammalian nervous system 
points to the fact that this ligand/receptor system may 
have a neurotrophic function (14). Recently, HGF was 
shown to promote the survival of motor neurons and en- 
hance the neurotrophic function of ciliary neurotrophic 
factor. In other studies, Krasnoselsky and colleagues re- 
ported that rat sciatic nerve Schwann cells express the 
HGF receptor and strongly respond to the autogenic ef- 
fects of HGF in culture (18), 

HGF has also been examined in the context of endo- 
crine function. Studies on the effects of HGF on the endo- 
crine system show that HGF may contribute to the forma- 
tion and maintenance of organs involved in hormone 
secretion such as the pancreas and the thyroid Using pri- 
mary organ cultures of human fetal pancreas, Otonkoski 
et al. have recently reported that HGF is the most potent 
inducer of ft-cell proliferation and formation of islet-like 
cell clusters subsequently resulting in insulin production in 
vitro (28). HGF also seems to regulate the growth and func- 
tion of the thyroid gland as revealed by in vitro studies (7). 

Although the early work on HGF was confined almost 
exclusively to one organ, the liver, researchers with wide- 
ranging scientific interests have helped over the yean to 
define the multifaeeted functions and target cells of HGF, 
Clearly, however, much remains to be learned about HGF, 
and more biological and physiological role* for this growth 
factor will undoubtedly be revealed. 
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Specific tissue Interactions between epithelia end mesenchyme (or stroma), e*. epithelial - 
mesenchymal (or -stromal) interactions mediate crucial aspects of normal development 
and tissue regeneration, These events affect tissue Induction, organogenesis, cell movement, 
and morphogenesis of multicellular structures. Extensive and diverse studies have 
established that hepatocyte growth factor (HGF), a ligand for the cornet protooncogene 
product of receptor tyrosine kinase, is a mesenchymal- or atromal-darived mnltipotent 

Sriypeptide which mediates epithelial-mesenchymal Interactions, During embryogenesls, 
GF supports organogenesis and morphogenesis of various tissues and organs, including 
the liver* kidney, lung, gut, mammary gland, tooth, skeletal system, etc, In adult tissues, 
HGF elicits a potent organotrophic function which supports regeneration of organs includ- 
ing the liver, kidney! and lung, In the brain, HGF is a new member of the family of 
neurotrophic factors. In neoplastic tissue, HGF is invotved in tumor Invasion and 
mifagMfl, through tumor-atromal interactions. While HGF was originally Identified as a 

Eotent mitogen for mature hepatocytes, the biological functions of this factor reach far 
eyond the original identifications. Such being the case, use of HGF tor purposes of 
therapeutics is being given increasing attention, .. 

Key words: o-med epithelid-mesencbymeJ interactiond, HGF, pathogenesis,' organo- 
genesis, organ regeneration. . ^ - 

Growth factors which share multipotent characteristics characterised multipotent growth factor which targets a 

regulating proliferation, motility, and differentiation of wide variety of cells (reviewed in Refa. 13-23). HGF had 

cells are members of critical molecules responsible for "trophic 11 roles for regeneration and main tenure of various 

complex Moines processes, including embryo&eneaifl. tissues sad organs (18, 23). Becent «tawive studies cn 

anriogenesia, tissue regeneration, and malignant transfer- expression and functional analysis of HGF during embryo- 

matwu. Hepatocyte growth factor (HGF) was initially geneaia revealed a distinct aspect of tfna farter as a 

Identified in a partially purified form to ba a potent mitogen mediator in morphogeuic epitlieM-mfiMn^^nal interac- 

for mature hepatocytes in primary culture (1-4). HGF was tions essentia for organogenesis (24-S^ ; Baaed oa its 

thereafter completely purified (3-7) and w*a molecularly potent motogenio (enhancement of ceUjjnoWity) andan|^- 

cloned in 1989 91 genie activities, it seems dear that HGF is Involved w 

hi 1990 to 1991, independent approaches led to isolation growth, invasion, and metastasis of tumor cells. In Jbb 

of bioacttve molecules using different assay method were review, we will focus on unique multipoint aspects of HdF 

unexpectedly Joined upon molecular cloning of factors. The as a mediator in specific cell-cell interactions, 
cloning of cDNAs for scatter factor (10), tumor cytotoxic ^ A . . „ „^ 

factor (ill, and nbroblast-derived epithelial growth factor Biochemical characteristic of HGF and c-Met 
(12) revealed, these molecules to be identical with HGF* HGF is a hekerodimer with a 69 ^ * f* 

Scatter factor was originally identified as a fibroblast.de- kDa fi -chain, linked by a aingta , disulfide bridge W-7) (Flff. 

rived factor which Scatters* tightly growing epithelial cell 1) The «-chain contains the N-tenmnal hairp 

colonies (13). Tumor cytotoxic factor proved to be fibre- and four homologous -bingle^mains andthe 0-chsinhaa 

blast-derived factor which inhibits growth of certain, serine protege-like mot* ^ HGJ ^ * 

species of carcinoma cells {14). In 1991, a fibroMast-de- homology with plasminogen (ft 12, 35-37). But HOT has 

rived epithelial morphogen which induces brsiichingtubu- no serine protease activity, whfle 

logeneais in epithelial cells also proved to be HGF ( 16) . and active form, plasuiin share no biological wtivifaes of HGF 

a natural Ugand for the receptor-tyrosine kinase, *wi («. HGP is translated from a single mHNA, as a raigte 

protooncogene product was identified M HGF in the earn* chain preproHGF. Extracellular 1%™**** fl P cclfi f 

vesrCie 17) serine protease, HGF-activator or HGF inverting enzyme 

While HGF te a potent hepatotrophic factor responsible {38, 39), roanlte in conversion from a biologically inactive 

for vigorous regeneration of the liver, it haa become a well form to activ^ochain tutu* HOT. 

q . ^ there are two known distinct forms of naturally occur* 

' To whom ccmapondcaca sWd be addrtfwed. Fox; +B1-8-879. ^ variant HGF, bioayatheaiaed through alternative 

• * „ on> v™*w* HTJP/M9P MOP-like aplicing of pre-mRNA; one form is deleted with 6 amino 

SSStaff ^ adds to th/tot kringle do^ (U it) while the other 
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form consists of only the N-teratoal hairpin domain and 
two knaffle domain (40, 41), The former haa mitogenic 
and motogenic activities whereas the letter form haa no 
mitogenic activity but does have matogenic activity (42. 
43). This smaller variant is likely to be a minimum unit for 
trading to tha c-Met/HGF receptor, with a relatively high- 
affinity. In accordance with this, deletion of the N 

•terminal 

hairpin domain, the first kriagle domain, op the second 
ttwgle domain in the HOP molecule results in a total Una 
of biological activities (43, 44), 

The tnmorigenic mac oncogene was initially isolated 
from chemically transformed human osteosarcoma cells. 
Although the primary structure of the c-met protooncogeae 
product predicted it to be a receptor- type tyrosine kinase, 
It remained orphan (or lonesome) receptor until two re- 
search groups independently identified its natural Ugand to 
beHGF (IS. 17). The cMet/HGF receptor U hflterodimer- 
ic molecule composed of a 50 kDa a -chain and a membrane 
spanning 146 kDa tf-chain which containa the intracellular 
tyrosine kinase domain {45). TheMet/HGP receptor, when 
autophoaphorylated in response to HGF, binds a number of 
substrata mn t an iTng the Src homology region 2 (SH2) do- 
mains such as phosphatidylinositol 3-kinaae, Qrb.2(Aah)/ 
Sos complex, Kas GTPaae activating protein, pp60 !re , and 
phospholipid C-y (46> 47). These intracellular signaling 
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molecules aaaociate with a docking site of the femdemly 
arranged ^terminal tyrosine residue* 1349 and!354 
Mutation of these tyrosine residues result? in losa.of.rW 
Hon nutation (49, 48, 49), while mutation of the hnrta. 
membrane tyrosine residue suppresses the loss-of-function 
mutation of the Met/HGF receptor (43). 

WhilB growth factors are often classified into certain 
families, baaed on structural eimitority, cDNA encoding an 
unique proton with e similar domain structure to HGFwaa 
Isolated and the putative protein was termed HGF-like 

identical with macrophage stimulating protein (MSP) (51 
52) , orjpa% pwtfed from hZmliuin. On «£ ?J& 
band, the c-Met/HGF receptor has two distinct fS 
membera; Ron and Sea (53, 54). Boa tyrosine kinase was 
Identified as aspoeino receptor fwHLP/JtfSP {55-57), hut 
a^awi for Sea tyrosine kinase remains to be identified • 

Biological activities 

Tl»jpwwth.regulating activity of HGF for various cell 
typos has been weU-characterfeedVaa described in Table I 
HGF has mitogenic activity for epithelial ceUa (12, 18, 58- 
68), endothelial cells (59-71), some stromal cells ( 72- 76) 
and various 8 pedes of carcinoma cells (58, 78-82) HGF 
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also has on angiogenic activity when implanted in vivo ( 7ft 
7J), Recent studies revealed that HGF ia also involved in 
hematapoiesia (72, 74, 76), chondrogeuesie, and bone 
remodeling (75, 77), HGF stimulates proliferation of 
hematopoietic progenitor cells and enhances the formation 
of colonies toward erythroid lineage or granuloeyte-ery- 
throid-megBkaryoeyte lineage (73-74, 76). HOP enhances 
growth and differentiation o{ osteoclastic cells at the 
terminal stage (77)* Articular chondrocyte* are target cells 
of HGF and HGF mHNA ia expressed at presumptive 
articular regions during development (75). In vitro and in 
vivo studies provided that HGF haa anti-tumor activity fox 
certain species of carcinoma cells, and in particular , growth 
of most hepatoma cells ia inhibited by HGF (14. 83-85), 

Cell movement is an important process during embryo- 
genesis, wound healing, and tumor invasion. Although some 
growth factors are known to enhance cell motility, HGF ia 
one of most potent mitogens to Induce dissociation ftild cell 
movement in various types of cells (Table 1) (13, 30> 5$, 
7ft 76, 73, 81, 86-891 The motogenic activity of HGF is 
mediated by activation of email GTF«binding proteins, 
Rho, Raa, and Ban (60-93). Disruption and regulation of 
cell-cell and cell-matrix interactions are related to the 
phosphorylation of E-cadherin-aaaociated molecules (£• 
catasia, ptakoglobin, andpiaO) {04. 95) and focal adhesion 
kinase (pl26™) 16$), respectively. HGF also disrupts 
intercellular communications mediated by gap junctions 
(Sff, 37), ~ 

Among the multipotent characteristics of HGF, the 
morphogenic activity ia notable and unique. This activity 
was initially noted in three 'dimensional collagen gel cul- 
tures using MPCK ceUa derived from renal epithelium, 
wherein HGF induces branching tubular structures (15). 
Induction of similar branching tubules and gland-l&a 
structures in epithelial cells also occura in other cells, 
including cell lines derived from hepatic duct and mam- 
mary gland (29 t 30, 80). Therefore, HGF ia an important 
factor regulating rnorphnganic processed during develop* 
ment and tissue reconstruction (see below). 

Several Uganda for receptor- tyrosine kinases have dis- 
tinct neurotrophic actions m the brain, including member* 
of the nerve growth factor family* baaic fibroblast growth 
factor, and epidermal growth factor. HGF and cMet/HGF 
receptor are expressed in various reginna of the brain (96. 
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99). HGF activates Baa in neurona (100) and acta aa a 
potent survival factor for primary cultured neurons end 
FC12 pheochromncytoma cells {99, 101, 102), all findings 
to support the thesis that HGF belongs to the family of 
neurotrophic factors. Likewise, HGF acta aa a mitogen for 
Schwann cells (103). 

HGF in epitbelial-meaenchymal interactions and de* 
velopment ~ " • 

Interactions between epithelium and mesenchyme, &g M 
epithelial-meaenctwmal interaction* mediate crucial 
aspects of normal development, affecting tissue induction, 
organogenesis and morphogenesis of specific multicellular 
structures. Development and morphogenesis of various 
organs and tuaues, including kidney, lung, liver, pancreas, 
limb, tooth, mammary gland, hair, follicle, etc depend on 
epithelial-nifiBenchynial interaction*. A conceptual frame* 



TABLE t Typical biological activities fl^GF and target cellfl. 
Biological activity Target; cgUa 




Mitogen)! 



Motogenic 



Morphogenic 



Promotion of cell survival 



Tumor Inhibition 



Fie- Llgiffid- receptor relatlon&hip in molecules of HGF and 
cHet/HGF receptor families. _ 



Jlepafcocytes 

Hepatic ductnlar epithelial cells 

Renal tabular cells 

Kmtanocytea 

Eaircett* 

Melanocytes 

Gastric epithelial cells 

Cornea} epithelial cells 

BrgrtCfttel aplthelial cells 

Alveolar type H epithelial ceHs 

Thyroid celia 

Mammary gland epithelial calls 
Schwann cells 
Pancreatic £ cells 
Placental cytotrophiiblaatfl 
Prostata epithelial cell* 
Osteodast-like ceils 
Vascular "r*"^!^ 0 ! cells 
Articular cboadruuylua 
Hematopoietic progenitor cells 
Gallbladder cancer cello, etc* 

Renal epithelial cells 

Hepatic ductulor epithelial calls 

Karatittocyies 

Harold cell 

Mammary gland epithelial alls 
Vascular endothelial ceUe 
Articular chondrocytes 
Mygsenic precursor calls 
Oral BcnfimouS carcinoma cells 
Gallbladder carcinoma cells 
A431 epidermoid carriaomft, tar. 

Renal epithelial cslla 
Hepatic epithelial cells 
Mnmmary gland epitfeaUal cella 
Colon carcinoma cells, rt*- 

Neurons 

PC12 rat pheechswaocytGEBs cells 

Hepatoma cells <RepG2, etc) 

BG/T1 melanoma cells 

KB eaaanwu cardnoma cella, ete. 



VoL lie, No. 4, 1396 



01/08/2001 15:19 DRUG-DISCOVERY DEPT * 91! 
594 

work of epithelial-mesenchymal interactions was eatab- 
Uahed in the 1950s and 1960s, but molecular mechanisms 
responsible for these interaction* have not been elucidated. 
Recent extensive works on HGF have established that HOP 
is a mesenchyraaMmved mediator in epithelial-mesen- 
chymal interactions 

During kidney development, the first interaction be- 
tween epithelial ureteric bud and mesenchymal mota- 
uephric blastema is essentia) for the development of the 
Mdxifiy. Epithelial cells derived from ureteric bud form 
branching collecting tubulee and mesenchymal cells at the 
tip of collecting tubules convert to epithelial call* that form 
die nephron* Dunns organogenesis of the kidney, c-Met/ 
HOF receptor mBNA ia expressed in epithelial cells, while 
HGF mHNA ia expressed in mesenchymal cells in dree 
proximity to renal epithelial cell* (24, 26). A specific 
antibody against HGP inhibits both morphogenesis of the 
Kidney in organ culture system and differentiation of 
metanephrio mesenchymal cells into epithelial precursors 
<rf the nephron (25 28). together with in ufcro Induction of 
branching tuhubgeneaia by HGF, this factor ia ameeeuchy- 
mal»derived mnrphngen for renal epithelial cella and ia 
involved in transdifferentiation from mesenchymal to 
epithelial cell*. Likewise, HGF and cMet/HGF receptor 
mKNA are expressed in mammary gland tissue, and HGF 
potently promotes the formation of branching duct-like 
structures by mammary gland epithelial cells in vitro [29- 
31). Therefore, HGF may mediate inducing effects of 
mesenchyme (or stroma) on mammary gland develop. 
ment« 

The potential participation of HGF in organogenesis was 
also demonstrated by disruption of the HGF gene (27 t 28). 
In the homozygous mutant mice of HGF gene, embryos are 
lethal, due to defected development of the placenta (23) or 
both placenta and liver (27). Likewise, in c»meif homozy- 
gous mutant mouse embryos, development of the liver and 
placenta waa defected (SB). These defects are in consistent 
with the finding that HGF is a potent mitogen for placental 
cytotrophoblasta (64)»aa tvell as hepatocytes. The essential 
role of HGF in liver development has recently been 
demonstrated using in vivo loes*of -function mutation in the 
Xenopaa embryo. Overaxpregsion of mutant c-Met/HGF 
receptor of tyrosine kinase-minus (TK"-Met) in Xenopux 
embryos resulted in liver defects and impaired develop* 
mfint of pronephros, gut, and skeletal morphogenesis in til 
regione (Aoki rt aL, submitted). These results indicate that 
HGF and the c-Met/HGF receptor are highly conserved 
molecules, at least with regard to development of the liver, 
from amphibians to mammala. ha contrast, in transgenic 
mice that express HGF specifically in the liver, a new 
population of small hepatocytee (presumably blaatic he* 
patocytea) appears in the liver {104) > thereby indicating 
that HGF may be involved in proliferation of hepatoblast* 
tike cella (61, 105), 

Localkatiott of HGF and c-Met/HGF receptor mRNA in 
various tissues indicates that functional coupling between 
HGF and the c-Met/HGF receptor ia important for devel- 
opment, morphogenesis, and migration of cells in other 
tissues, including limb, branchial arches, lung, tooth, and 
bone. Figure 3 shows the in situ localization of HGF and 
c-Met/HGF receptor mHNA in developing lung of 'day 18 oi 
the rat embryo. The c-Met/HGF receptor mRNA ia speci- 
fically localized in bronchial epithelial cella (Fig. 3, C and 
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D), while HGF mRNA locates in surrounding mesenchymal 
cells (Fig. 3, A and B). Antisense HGF oligonucleotide 
specifically inhibits branching tubulogenasia of the develop- 
ing lung in vitro (our unpublished data). Thus, HGF ia a 
meaencbymal-derived factor for branching morphogenesis 
during lung development, Similarly, the functional con* 
pling between HGF and c-Met/HGF receptor supports 
tooth development (32). The c-Met/HGF receptor is 
expressed, tn epithelial tissue white HGF is expressed in 
mesenchymal tissue, in tooth germ, aad antisense HGF 
oligonucleotide specifically induces abnormal tooth mor- 
phogenesis in organ culture system (32). Expression 
pattern of HGF and c-met, and biological activities of HGF 
implicate HGF in skeletal morphogenesis and chondrogeae- 
sis, HGF is autogenic and autogenic for chondrocytes ( 75), 
and HGF and c- met are expressed in chondrogenjc regions, 
including rib, limb joints, and branchial arches (33, 34). In 
met~*'~ embryos, migration of myogenic precursor cella into 
the limb bud, diaphragm, and tip of tongue ia impaired, and 
as a consequence, skeletal muscles of the limb and dia- 
phragm do not form (891 These observations mean that 
HGF is involved in migration of ceQa during development 
In the chick embryo, HGF ia involved in early Steps of 
neural induction, presumably by inducing or wW^;^ 




Fig. 3. Expression of HGF and e*&U*/HGF receptor mRNA In 
developing rat lung* Localisation of HGF mBNA (A, B) and cMet/ 
HGF receptor mRNA (C, D) waa analyzed by to jfet hybridisation 
using day 13 rat embryo. B and D indicate bright field views far A aad 
C, respectively, 

I ' 
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competence of the epihlaat to respond to neural-inducing 
signals (106-109). 

Organotrophic roles 

Regeneration of the liver is one of the moat dramatic 
phenomena in higher animals. When 70% of the liver ia 
resected, the cells in the remaining liver rapidly proliferate 
and the original liver maaa and functions are restored 
within a week. As partial purification of HGF waa originally 
done using peripheral blood of partially hepatectomised 
rata, HGF was considered tabs a humoral hepatotrophic 
factor which enhances liver regeneration. During the last 10 
years, the hepatotrophic roles of HGF have been well- 
established. HGF ia now seen to have the role of organotro- 
phic factor for regeneration of other tisanes and organs (13- 
23). 

Liver injuries can he induced in rata or mice by means of 
partial hepatectomy> iqcfiemia. liver crush, or ariministn*. 
txon of hepatotaxinfi such as CCU and #»naphthyl-taothio- 
Cyanate. Expression of HGF mRNA rapidly increaaea 
following the onset of these injuries in the injured liver and 
distant intact organs such aa the lung and spleen, The liver 
ia composed of several types of cells, including paren* 
chymal hepatocytes, ainuaoidal endothelial cells, Knpffer 
cells (liver macrophages), Ito (fat-storing) cells, and bile 
duct epithelial celta. Cell fractionation and in situ hybridi- 
sation revealed that HGF ia expressed in non-pwenchymfll 
stromal cella such aa Knpffer cells, sinusoidal endothelial 
cells, and Ito cella, but not in parenchymal bepatocytes, 
indicating that this factor acts through a paracrine mecha- 
nism. Additionally, up-regulation of HGF mRNA in intact 
organs, together with a marked increase in blood HGF 
levels, means that an endocrine-related mechanism 1b 
likely to be functioning in liver regeneration. Elevated 
levels of plasma HGF were also well^demoaatrated in 
patient* with hepatic diseases (110, 1111 

Baaed on a wide spectrum in target cell specificity of 
HGF r the involvements of HGF in regeneration of other 
organs was noted. Expression of HGF ia rapidly induced 
after injuries in die kidney and lung {112, 113). In analogy 
with the Case of liver injury, non*epithelial stromal cells 
produce HGF. Taken together with in vitro and in vivo 
mitogenic actions of HGF for renal (214, US) and lung 
epithelial cella (SO, 116), HGF seems to trigger regenera- 
tion of these organs at least through a paracrine media* 
nism. Therefor* HGF ia a atromal-derived mediator re* 
sponsible for organ regeneration* Changes in blood HGF 
le vela were noted in patients with renal diseases (117) and 
inpatients treated by renal transplantation {118)* 

Expression of HGF is regulated by various factors. 
Interleukin-1, platelet-derived growth factor, acidic and 
basic fibroblast growth factor, epidermal growth factor, 
prostaglandins, and heparin are potent inducers of HGF 
expre&ahm (119-121). In contrast, transforming growth 
factor-;? 1 and glucocorticoids suppress the gene expression 
of HGF (122, 123). Although the$e regulatory molecules 
are likely to have distinct roles, the regulatory network for 
expression of HGF may be involved not only in organ 
regeneration but also in epithelial-meaenchyinal and 
tumor-atromal interactions during organogenesis and 
tumor progression (see below), respectively. 

Direct evidence for the organotrophic roles of HGF has 
been obtained from in vivo studies and these studies 
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suggested potential therapeutic strategies using recom- 
binant HGP> Administration of HGF to experimental 
animals with liver injury strongly enhanced liver regenera- 
tion (124-126), and importantly, HGF suppressed the 
onset of hepatic dysfunction (124, 127). Likewise. HGF 
enhances renal regeneration and suppresses the onset of 
acute renal failure caused by renal toxins, renal fa^wfr. 
or unilateral nephrectomy (114, 113). Mere importantly, 
HGF prevented the onast of liver ftro^/cirrhosia and 
abrogated lethal hepatic dysfunction due to chronic liver 
injury (128). Mitogenic, motogenic, and moiphogenic 
activities, all of which are required for reconstruction of 
tissue architecture, no doubt are responsible for the organo- 
trophic Amotions of HGF. * 

HGF In tumnr-Brtranal interactions 

Because of its profound effects on cell growth, motility, 
and angiogenesis, HGF is implicated in the growth, inva- 
sion, and metastasis of tumor cells. As establishment of an 
autocrine loop of growth factors and their receptors is 
involved in tumorigenic transformation of cells, gene 
transfer experiments indicate that autonomous activation 
of c-Met/HGF receptor results in tdmorigenic transforma- 
tion (129-132). Stable tranafeetion of the HGF gene in 
mispressing epithelial cells (130-132), and the &mei 
gene in HOF-producing fibroblasts (129) both confer in 
vivo tumorigenidty in these cella. Such an autocrine 
activation of the Met/HGF receptor is found in certain 
tumor cells derived from cancer patients (87, 133), how- 
ever, most carcinoma cells derived from epithelial tissues 
express e-Met/HGF receptor but do not espweB the HGF 
gene. This may mean that autocrine activation of the Met/ 
HGF receptor w restricted to certain species of tumor cella. 

Studies indicate the particular importance of stromal* 
derived HGF in invasion and metastasis of carcinoma cells* 
Growth and invasive potentials of tumor cella are influ- 
ence d by their interactions with normal stromal fibvoblas ts 
(134-136). In vitro invasion of carcinoma cella into the 
collagen gel matrix was induced in co-cultivation with 
stromal fibroblasts U35), and fibroblasts can produce 
migration-stimulating factor [137)- Although molecular 
mech anism s underlying these tumor-stromal interactions 
are of current Interest bo tumor biologista, one fibroblast* 
derived invasion factor is known to be HGF (88) and HGF 
induces invasion of various types of ra ymnnmfl cells in vitro 
(78, 79, 82, 86, 87). In addition* to stromal fibrablaat- 
derived HGF, we recently found that cazcisama cella 
secrete inducing factors for HGF expression in fibroblasts 
(Matsumoto a oi, submitted) and the presence of such 
inducing factorte) was also noted by other workers (138, 
139). Therefore, HGF seems to be a predominant stromal- 
derived invasion factor for carcinoma cells. The mutual 
interaction between HGF •expressing Stromal cells and 
Mot-expressing carcinoma cells mediated by HGF and ita 
inducers may result in an acquisition of invasive phenotype 
in tumor cella. The epitheUal-meaeuchymal (or -stromal) 
interactions mediated by HGF are likely to be functional in 
tumor-atvomal interactions, ae well aa in tissue regenera- 
tion. 

Perspective and future directions 

The biological and physiological functions of HGF have 
been much greater than expected (Fig. 4). However, much 
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work remains to be determined how HGF exerts ita highly 
diversified activities and how HGF La involved in con- 
structing an Organized multicellular tissue structures 
branching tubutea). 

Target cells of HGF are distributed widely and specific 
biological rolea of HGF for the development and hcmeo- 
stasia of each tissue need CO be studied. Although localiza- 
tion and ui ufro analysis indicate that HGF may well play 
a neurotrophic rale in the brain, spwific rolea of HGF for 
the maintenance and regeneration of the central nervous 
system, and also for tha inductive processes, development, 
and network formation of neural cells ere of general 
interest. 

Because of its organotrophic fWtione, HGF may well 
have therapeutic potential for disorders of tha liver and 
kidney. HGF is highly effective for chronic and often 
incurable hepatic disease, e.&, liver fibrosta/cirrhosia. 
Application of the HGF gene as n therapeutic for chronic 
diaeaaea may he feasible. The generation and application of 
antagonistic molecules of HGF may prove to he therapeutic 
in inhibiting tumor invasion and metastasis* 

The biological functions of HtP/MSP and Bon are still 
uncharncteriied. Identification of novel members in HGF 
and the Met family, ami elucidation of biological functions 
of HLP/MSF will shed light on the biological significance of 



K. Mateumoto and T. Nakantura 




HGF family molecules in embryoggneais, organogenesis, 
and tissue regeneration. 

Dua to space limitation, the papers of soma firfaatbta may art ham 
bceo cited NevertheLese, we aro entirely grateful to All OUT Colleagues 
far "working an HGF.' Gratitude is extended to H Oharafor hdnuur 
oa to amt* up thia review. 
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